The inhuence of light polarization on the dynamics of an optically pumped single-mode laser with a homogeneously broadened four-level medium is theoretically investigated in detail. Pump and laser fields with either parallel or crossed linear polarizations are considered, as are typical in far-infraredlaser experiments. Numerical simulations reveal dramatically different dynamic behaviors for these two polarization configurations. The analysis of the model equations allows us to find the physical origin of both behaviors. In particular, the crossed-polarization configuration is shown to be effective in decoupling the pump and laser fields, thus allowing for the appearance of Lorenz-type dynamics.
I. INTRODUCTION
Extensive research over the last fifteen years has shown that lasers are among the most versatile physical systems to study a variety of temporal phenomena characteristic of nonlinear dissipative systems such as, for example, the onset of spontaneous pulsations in the output intensity that may be regular, quasiperiodic, or chaotic [1] . In particular, optically pumped molecular lasers (OPML) in addition to their practical interest as a source of stable coherent radiation in different regions of mid-and farinfrared [2] , are very interesting systems from the viewpoint of nonlinear dynamics. In fact, OPML have allowed the experimental realization of a rich variety of dynamical behaviors that include (i) full amplitude periodic spiking associated with sustained relaxation oscillations, directly from the onset of laser threshold [3, 4] ;
(ii) high-frequency periodic pulsing at higher pump powers, associated with pump-induced Rabi sideband oscillation [4] ; (iii) a behavior remarkably similar [5 -10] to the predictions of the paradigmatic Lorenz-Haken model for a plane-wave single-mode homogeneously broadened two-level laser [ll -13] ; and (iv) transitions to chaos by type-I [14] and type-III [15] intermittencies.
From the theoretical point of view OPML have been extensively studied in the framework of single-mode three-level models [16 -21] with the aim to capture the a priori most salient feature of these lasers, namely, the coherent interaction of pump and lasing emission fields, which distinguishes them from ordinary incoherently pumped two-level lasers and can lead to characteristic dynamic behavior as discussed by Harrison and coworkers [19, 20] . Indeed, for specific domains of parameter values three-level laser models with either homogeneous broadening [4] or inhomogeneous (Doppler) broadening [22 -26] have shown reasonably good qualitative agreement [4] and even a surprising similarity [22 -26] with corresponding experimental findings. These coincidences suggest that these models take into account physical factors playing an important role in OPML dynamics. However, at this moment they can be only considered as a first step towards the understanding of the behavior of OPML since they do not take into account additional physical factors that are also present in the real laser, namely, longitudinal and transverse spatial dependence of pump and laser fields, M-level degeneracy of the radiatively coupled levels, and polarizations of the two laser fields. In principle any of these factors could have an influence in the laser dynamics that is worth investigating.
To take into account simultaneously all the physical factors above would represent a formidable task practically unaffordable with commonly available computers.
In this paper we analyze the influence of light polarization and level degeneracy using a simple homogeneously broadened four-level OPML model.
One can expect to find a clear influence of these factors based on several previous experimental observations. pump Rabi frequencies and 2a + -the generated ones. 28 is the Zeeman splitting which is taken to be zero along this paper.
and Churakov in an optically pumped CO2 laser oscillating in the 4.3-pm region with a polarization-insensitive cavity [27] . Weiss and co-workers observed on the 81.5-pm [6 -8] and the 153-pm [7, 10] [33] where Nb, -= (pbb -p"). Note [21] .
A. Model P =P =B/A, (6) In this section we will consider the interaction between a linearly polarized pump beam (e"polarized) and an orthogonally polarized generated field (e polarized). For this case one has P+ = -P -=P. By [Only the stationary value of x+ is given below in Eq.
(15). ] Figure 3 shows the variation of the steady laser intensity a as a function of the pump intensity P, given by Eq. (9) , for the case hi =0 and several values of I in Fig. 3 [13, 34] Fig. 5(b) . As can be seen in this Fig. 5 there are periodic and chaotic regimes, with transitions to chaos occurring for increasing pump field strength P and for increasing cavity detuning b, ;
through an inverse sequence of period-doubling bifurcations as in the Lorenz-Haken model [13] . characteristic of the Lorenz-Haken model, and a (t)
shows the typical "spiralings" of this model [12] . This type of motion produces the "cusp"-shaped laser intensity map shown in Figs. 6(c), 6(f), and 6(i) [12, 8] .
It is worth pointing out that all these features found in our model are well-known characteristics of the LorenzHaken model [12] . Note also that the similarity between both models increases as I gets closer to I, h, . For instance, for I =2 the "cusp" map of Fig. 6(c) which is plotted in Fig. 7 as a function of p for I =yl, Fig. 8 that the role of the variable x is basically that of an incoherent pumping mechanism on the lasing transition. This pumping, however, is coupled with the dynamics of the whole system. Figure 9 shows a typical time evolution of x in the chaotic domain. It consists of a nonzero dc contribution xd, and a superimposed modulation.
For Fig. 9 xd, = -0.0307, which is close to its (unstable) stationary value x= -0.0318 given by Eq. (15) mation we compare now the LSA of the stationary lasing solutions of both the truncated system and the complete system, which was shown in Fig. 4 . 
where A, B, C, and H are given as in Eqs. (7) and (10) .
With this approximation the model reduces to Eqs. In this section we will consider the interaction between pump and generated fields with parallel linear polariza- On the other hand making use of Eqs. (2) and (19) and of the equations of evolution for D + ( t ) =p++(t) p(t) and -y+ (t), we obtain FICx. 10 . Normalized. pump parameter r vs pump tntenssty p for 5'/y = 0 g /y2 = 3642. 5, I /y, = 0.5, and di6'erent values of i yj.~g yi sc/y&=1, 2, and 5. P, +(t)=P, (t): P, b(t) .
- (20) Finally, substitution of Eqs. (19) and (20) 
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Let us point out that at variance with the case of orthogonal polarizations, in the present case Raman processes and other coherent coupling processes between pump and generated fields governed by the two-photon coherence p"are present. Also since x,b&0, there are now dispersive effects at the pump frequency. These fundamental differences between both cases make them dramatically different.
Owing to the complexity of system (21) it is impossible to obtain general analytical results. Moreover, in the few particular cases in which this can be done the obtained expressions are not easy to handle, so we will study only numerically the dynamics of our system. Figs. 5 and 12 shows that the laser is much more stable operating with parallel polarizations than with the orthogonal configuration [31] . In fact, while the instability pump threshold is p=0. 0743 at b, ', =0 for chaotic emission in Fig. 5(b) , it is increased to p=1.54 at El=0 f' or regular period-1 pulsing (P ') in Fig. 12 [19] and [21] 
